The cotransport of neutral solutes with protons or ions has been well documented in animals, bacteria, fungi, and algae, as well as in higher plants (1) . It has been proposed that phloem loading of sucrose in Beta proceeds by means of a sucrose-proton cotransport mechanism (10, 12, 13) . Similar sucrose cotransport systems have been reported in castor bean cotyledons (15, 18) , soybean cotyledons (20, 21) , Samanea pulvinar organs (23) , maize scutellum (14) , tomato internodes (26) , castor bean petiolar phloem (22) , and Vicia minor vein phloem (5), leading Giaquinta (12) to propose that cotransport may be the general mechanism by which sucrose is transported in higher plants.
Inasmuch as this growing body of evidence supports the occurrence and importance of accumulation via cotransport, it is unfortunate that little information has been published concerning the kinetics of such uptake. The literature on uptake of neutral solutes, whether or not via cotransport, records various responses of uptake to increased substrate concentration. Biphasic saturation curves have been reported for sugar and amino acid uptake in a number of plants (8) . Recently, Servaites et al (24) found that the loading of leucine into soybean phloem demonstrates a triphasic saturation response and sucrose, a biphasic saturation. In contrast, uptake of sucrose by sugar beet root discs appears to be linear, with concentrations up to 100 mm (28 2To whom correspondence should be addressed. ating in parallel, have been well-documented for certain animal tissues (3) but only recently have been reported in plants. Exam- ples of such systems are the uptake of glycine by Lemna fronds (7) and leucine by cultured Nicotiana cells (2) , as well as uptake of sucrose by castor bean cotyledons (18) , soybean cotyledons (21) , and Vicia leaf minor veins (6) .
The present study further investigates the kinetics of phloem loading in sugar beet. Evidence is presented that sucrose transport by the phloem minor vein system proceeds by two separate transport processes, operating in parallel: a saturable process exhibiting Michaelis-Menten kinetics; and a nonsaturable process exhibiting first order kinetics. The contribution of each process to total uptake is calculated, and the nature of each discussed in the light of proposed models of phloem loading. All solutions used contained 20 mm CaCl2. Incubation solutions were osmotically adjusted to 500 milliosmolar with mannitol. Preliminary experiments indicated that loading was unaffected by solution osmolarity over the range 160 to 800 milliosmolar. Osmotic pressures were measured using a Wescor vapor pressure osmometer (model 5130). Buffers used were citrate-phosphate (pH 4), Mes (pH 5 and 6), Mops3 (pH 7), Tes (pH 8), and Taps (pH 9), all at 120 mm.
MATERIALS
Efflux Analyses. Efflux analyses were performed using excised leaf discs. In each experiment, 12 discs were incubated in 25 mm [14C]sucrose (pH 5) for 2 h and then transferred through a series of buffered (pH 5) and osmotically adjusted (500 milliosmolar with mannitol) wash solutions containing 0, 25, or 150 mm sucrose. Wash solutions were analyzed by scintillation counting to determine the quantity of label present. This data was used to calculate the rate at which label was lost from the tissue. After 3 h of efflux, discs were digested and counted, as described above. The total dpm lost by each batch of leaf discs, at the end of each sampling time, was added back to the dpm left in the tissue at the finish to give dpm left in the discs as a function of time.
Alcohol Extraction. Twenty leaf discs were pretreated and incubated as before in 200 mm unlabeled and labeled sucrose. Ten discs were digested for scintillation counting, and 10 were treated for 2 h in 80% (v/v) ethanol, in an 80°C water bath, to extract water-soluble 14C material. Aliquots of extract and the 10 cleared discs were then prepared for scintillation counting.
Electron Microscopy. Mature sugar beet leaf tissue was processed for transmission electron microscopy. Leaf discs, identical to those used for [14C]sucrose experiments, were immersed in fixative solution (3% glutaraldehyde, 50 mm sodium cacodylate, 1 mM CaCl2 [pH 7.2]) for 12 to 16 h at 4°C and washed for 1 h in several changes of the fixative buffer. Tissue was then postfixed in 1% osmium tetroxide (2 h, 22°C), rinsed with fixative buffer, and dehydrated in a graded acetone series. Embedded material (Spurr's resin) was sectioned (diamond knife) and stained (30 min in 2% lead citrate, then 30 min in 2% aqueous uranyl acetate) before being examined on a JEOL 100S transmission electron microscope.
RESULTS AND DISCUSSION
Abraded Leaf-Disc System. The intact phloem system exhibits such complexities that it is often difficult to isolate for study one particular component of the translocation process. The need to simplify the system has led to the increasing use of leaf discs by workers in this field. After extensive investigation of intact leaf and leaf-disc systems, Giaquinta (10) concluded that sucrose uptake by source leaf discs closely resembles sucrose loading into intact leaves and is a reasonable representation of that process. Preliminary experiments verified this conclusion, showing that discs do, indeed, exhibit similar transport kinetics to those of the intact leaf. Linear time courses were obtained using abraded discs, demonstrating that pretreatment in nonradioactive sucrose had a minimal influence on the specific activity of subsequently applied radioactive solutions. This established the validity of using the pretreatments essential for experiments in which apoplastic pH was to be the controlled variable.
Use of leaf discs allowed preparation of numerous replicates from randomized tissue, and these could be handled with sufficient ease that experiments could be run simultaneously. The fact that discs represent a contained system was also advantageous, in that labeled sucrose loaded into the minor veins could not be removed from the site of uptake by translocation. (Conversely, this can be seen as a strong criticism ofthe system, as excision ofdiscs destroys the normal source/sink controls operating on translocation and, presumably, on phloem loading as well.) While the main advantage of abraded discs was that possible diffusional effects on the kinetics of uptake were decreased, it should be acknowledged that some diffusion-imposed limitation (unstirred layer effect) will always be present and will influence, to some degree, the apparent kinetics of sucrose uptake (see Ref. 27 ) and that I14C]sucrose is also entering non-phloem compartments.
Dependency of Phloem Loading on Apoplastic pH. A series of experiments was run using a range of H+ concentrations (Fig. 1) . At each pH, transport at sucrose concentrations above 50 mM became a linear function of concentration.
The observed pH-dependence of sucrose loading (Fig. 1 ) is at variance with results presented by Giaquinta (10), who found that loading in sugar beet became independent of pH at higher sucrose concentrations, and by Delrot and Bonnemain (6), who reported accumulation from exogenous 20 mm sucrose solutions to be pHinsensitive in Vicia. In the developing Ricinus cotyledon system, Komor (16) reported uptake of 30 mm sucrose to be independent of pH. However, Lichtner and Spanswick (20) found sucroseinduced membrane potential depolarizations in soybean cotyledons to be strongly pH-dependent. The discrepancies between our and Giaquinta's sugar beet leaf-disc system may have been due to differences in experimental protocol. Giaquinta (10) (Fig. 1) show a significant deviation from linearity (Fig.  2) . Such deviation can be interpreted as demonstrating the presence of two separate transport components. Similar multiphasic plots (Eadie-Scatchard) have been reported for uptake of amino acids and sucrose (2, 6, 7, 12, 21, 23) . According to Fischer and Luttge (7) , the vertical and horizontal parts of the plot represent active and passive components, respectively. These might be more accurately interpreted as saturable and nonsaturable components of transport. This latter interpretation seems particularly appropriate for the phloem system, where it is difficult to conceive of a passive component moving sucrose against a large concentration gradient.
For the present treatment, we will assume that two transport processes operate in parallel across the plasmalemma of the sieve element-companion cell complex. Using a modification of the basic transport concept presented by Komor and Tanner (17) Figure 4 represents efflux data which indicate the presence of a two-component system consisting of apoplast and symplast. Efflux was not strongly dependent upon the level of exogenous sucrose, there being less than 10% stimulation between sucrosefree and 150 mm sucrose treatments (as calculated from the slopes of the symplastic components in Fig. 4) . Thus, while some ['4C] sucrose may be exchanged for unlabeled sucrose, this process alone cannot be invoked to explain the magnitude of accumulation by the linear component. However, it should be stressed that efflux analysis performed on such a complex tissue may result in a serious underestimation of the actual fluxes involved. This is due to our inability to determine the specific activity of each of the compartments that may be involved in the efflux process (mesophyll, phloem parenchyma, sieve element-companion cell complex [see Fig. 5]) .
Autoradiographic investigations of sugar beet leaf discs have demonstrated that labeled sucrose is localized predominantly in the minor vein phloem (10) and that it does not accumulate significantly in the mesophyll. Similar autoradiographs have been obtained for intact sugar beet leaves (8) , ruling out passive diffusion into the mesophyll as the source of the linear component. However, the possibility remains that sucrose-to-starch conversion is occurring in the phloem parenchyma, a process which would influence sucrose efflux. Transmission electron micrographs obtained from leaf discs indicate the presence of abundant starch in the phloem parenchyma tissue as well as in the companion cells (Fig. 5, A and B) . (During these studies, we also noted the presence of frequent plasmodesmata interconnecting mesophyll, phloem parenchyma, and companion cell tissues [ Fig. 5 , B and C], as noted previously [9] . Such intercompartmental communication would further complicate any attempt to conduct accurate efflux analyses.)
It is possible that incubation of tissue in concentrations much higher than 20 to 30 mm sucrose (concentrations thought to occur in the sugar beet apoplast [25] ) might accentuate the linear component by forcing sucrose into the phloem parenchyma, where it may be stored, or metabolized into starch. To ascertain whether starch synthesis was occurring under these conditions, discs were loaded in 200 mm sucrose for 30 min, and then all soluble label was extracted with ethanol. Only 4% of the label remained in the discs (data not shown). These results are in basic agreement with those of Giaquinta ( 11) using 5 (Fig. 6) . The values of k are also plotted for comparison. The VmXlx of the saturable component was strongly dependent on pH (4-fold stimulation), while Km appears to be much less dependent. This response is consistent with the operation of a simple sucrose-H+ cotransport system. The coefficient k was also influenced by pH (2-fold increase); this sensitivity parallels that observed for Vm., suggesting that there may be a link, perhaps a close one, between the two processes.
While absolute values of these parameters cannot be considered significant, due to the influence of limits imposed by diffusion, it should be noted that different relative values have been reported for the sugar beet leaf-disc system by Giaquinta (10), who found Vmax to be independent and Km to be dependent on pH. These discrepancies are thought to be due to differences in tissue pretreatment and in kinetic analysis (i.e. a linear component was not subtracted from the observed transport data).
CONCLUSIONS
Sucrose loading into mature sugar beet leaves occurs in a manner consistent with uptake from the apoplast into the minor vein phloem (8 
